A bimorph deformable mirror (DM) for use in ophthalmologic adaptive optics is presented. The fabrication process and the results of characterization of the DM are described. Interferometric measurements of the DM surface shape and voltage-to-displacement characteristics are shown. The response of the DM to a step voltage input is measured using a commercial laser Doppler vibrometer (LDV). Experimental measurements of the DM are compared with both finite-element and analytical models. Analysis of the experimental measurements compared to the theoretical model will be used to design and fabricate an optimized DM for vision science.
INTRODUCTION
Adaptive Optics (AO), originally developed for astronomical telescopes, is a technique in which an activelycontrolled optical element, such as a deformable mirror (DM), is used to correct for optical aberrations in an imaging path. A decade of successful use in astronomy has motivated the search for new applications, for example, ophthalmologic instruments and free-space optical communications systems. Since the existing DMs are too large and expensive for these applications, recent research has focused on using micro electro-mechanical systems (MEMS) technology to create a more compact, lowcost DM. Several different MEMS-based DM designs have been presented by earlier researchers: membrane-based (OKO Technologies Inc.) [1] ; polysilicon surface-micromachined (Boston Micromachines Inc.) [2] ; bulk silicon (Iris AO Inc.) [3] ; and piezoelectric monomorphs (JPL) [4] .
The ability of a DM to correct for optical aberrations is a function of both the total number of actuators and the stroke that each actuator can achieve. Segmented DMs, which are composed of an array of individually-actuated micro-mirrors, have the advantage that there is little interaction between adjacent actuators, so the maximum actuator stroke is available at all spatial frequencies. Continuous face-sheet and bimorph DMs, on the other hand, are simpler to construct but suffer from reduced stroke at higher spatial frequencies.
We are aiming to develop MEMS-based DM technology for use in retinal imaging instruments. In this application, the DM is used to correct for aberrations in the human eye, allowing highresolution retinal images to be acquired. The ideal DM for vision science should achieve a large stroke (> 10 µm), have roughly a 10 mm diameter pupil with around 100 actuators and be capable of a relatively modest closed-loop bandwidth (100 Hz) [5] . A few commercial MEMS DMs exist and have been successfully used to correct for low-order aberrations in the human eye [6] . Among the different types of MEMS DMs, bimorph devices show particular promise for low-cost applications since they are simple to construct, reliable in operation, and require little special packaging [7, 8] . This class of DM is capable of correcting very large amplitude, low-order aberrations, and is simple to construct, a fact which should ultimately result in a low-cost DM [9] . The drawback of the bimorph design is that the maximum correctable amplitude diminishes strongly with increasing spatial frequency [10] . However, the aberrations present in the human eye are dominated by low spatial frequency components. Defocus and astigmatism, which are second-order aberrations, represent 92% of the total wavefront aberrations found in subjects with normal vision [11] , and the aberration magnitude diminishes with increasing radial order. For this reason, the bimorph DM may satisfy the requirements of opthalmological AO, where correction of aberrations up to the fifth radial-order may be sufficient.
DEVICE DESIGN AND FABRICATION
Initial process development was performed by bonding a piezoelectric disk (Lead Zirconate Titanate, PSI-5A4E) to a glass plate (Zinc Titanium, Corning 0211) using the epoxybased photoresist SU-8 (SU-8 2007) . This preliminary prototype, illustrated in Figure 1 , has a single control actuator, allowing the focal-length of the DM to be controlled. Visual evaluation of the bond quality was used to optimize the bonding conditions such as pressure and temperature.
Figure 1: Schematics of the preliminary prototype
Even though the prototype shows good void-free bonding, a challenge of this design is that thermal stress created by mismatch in the coefficient of thermal expansion (CTE) of the glass (7.38 ppm/°C) and piezoceramic (4 ppm/°C) will deform the as-fabricated shape of the DM. To reduce this effect in later prototypes, we chose Borosilicate glass wafers (Corning 7740) to improve CTE matching (3.25 ppm/°C) and joined them at low bonding temperature (< 100°C). The use of glass bonded to ceramic has the advantage that the glass is easily polished to stringent optical quality standards. The average roughness, R a , of the DM was measured to be 23 nm using a commercial surface profiler (Zygo). This average roughness of the reflective surface of the DM is comparable to surface quality of the existing MEMS DMs [12] .
Using the initial process development, we have fabricated an optimized multi-actuator DM as shown in Figure 2 . The electrode pattern is an annular ring type composed of 19 actuators, each having the same surface area. The mirror is designed to have a 10 mm clear aperture; the central pad and the electrodes in the inner ring (channels 1-7) are within the clear aperture, while the electrodes in the outer ring (channels [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] are outside the aperture and are used to provide slope at the edge of the mirror surface. The piezoelectric disk has nickel plating with 3000 Å thickness on both sides. Actuator electrodes are patterned onto the metallization on the back side of the piezoelectric disk using a commercial nickel etchant (Nickel TFB etchant, Transene).
Figure 2: Schematics of the multi-actuator DM
Both the glass wafer and the piezoelectric disk were pretreated in a cleanroom and spin-coated with SU-8 at 3000 rpm for 30 sec., forming a 10 µm layer of SU-8 on both the glass and piezoceramic. Then, they were soft-baked on a hot plate at 65°C for 2 min. After aligning the two layers, the DM was hard-baked and bonded at 95°C for 5 min. using a generalpurpose thermal press which has hot plates on top and bottom. Dummy silicon wafers are placed between the DM and the surfaces of the press to protect the optical surface.
Control wires were attached on the electrodes with as small amount of solder (Sn60/Pb40) as possible. Because their spatial extent is smaller than an electrode, the deformations induced by soldering might not be correctable by the device. Since the Curie temperature of the piezoelectric disk is 350°C, we performed the soldering at 250°C to prevent local loss of piezoelectric sensitivity.
The DM is then mounted using two rubber o-rings which are preloaded by 4 set-screws as illustrated in Figure 3 and Figure 4 . There is a ring-shaped pad between the top o-ring and 
DEVICE MODEL
We modeled the DM as a 2-layered circular laminated disk, shown in Figure 5 , with a simply supported boundary condition at the edge where the rubber o-rings are located. The deformation of a circular laminated DM under an applied voltage distribution is described by following biharmonic equation [9, 13] :
where z(r, θ) is the deflection of the DM surface, V(ρ, φ) is the voltage distribution, and C 1 is a proportional constant that is related to the material properties such as dimensions, Young's modulus, Poisson's ratio and piezoelectric coefficient. The biharmonic equations can be solved by fitting corresponding boundary conditions with effective elastic properties [14, 15] . Simple predictions for the deformation capabilities of the DM can be made by considering the case where a constant voltage is applied over the entire DM. In this case the DM has a parabolic surface and equation (1) can be solved as follows:
where R denotes the mirror radius, d 31 is a piezoelectric coefficient of the piezoceramic, V is the applied voltage and C 2 is a proportional constant that is also related to the dimensions and elastic properties of each layer. In the same manner, the thermal deflection can be calculated simply by replacing the piezoelectrically induced strain of the piezoceramic layer with thermally induced strain of each layer. The natural frequencies of the DM can be obtained from free flexural vibrations in classical plate theory by approximating the DM as a thin, uniform, circular plate [15, 16] : where D e is an effective flexural stiffness and w(r, θ, t) is a displacement of the plate. A simple estimate of the lowest natural frequency can be computed using the following formula for a simply-supported disk [15] :
where m denotes the mass per unit area of the DM.
RESULTS AND DISCUSSION
The DM was characterized using both a commercial laser Doppler vibrometer (LDV) and a custom phase-shifting interferometer. The interferometer is able to measure a surface profile with an RMS accuracy of approximately 6 nm and an absolute accuracy of ±60 nm across a 10 mm pupil. Experimental data were verified by both deriving analytical solutions and simulating a finite element model with COMSOL Multiphysics software.
The measured interferogram and surface shape of the DM, shown in Figure 6 , exhibit initial deformation with 5.8 µm peakto-valley amplitude over a 10 mm pupil although we predicted that the thermally-induced deformation would be reduced to 2.8 µm by close CTE matching. We also measured the surface shapes of various positions for the as-fabricated DM before soldering but they revealed a similar amount of deformation. This large deformation might be created during the bonding process. Local non-uniformity of the SU-8 bonding layer or voids might be the source of the deformation. In fact, the area which includes voids has the largest peak-to-valley deformation. We expect that this effect will be reduced when smaller, 20 mm diameter disks are used to construct a future device. In addition, a final polishing step will be used on future devices to improve the surface flatness.
Surface deflection of the DM was measured over a ±100V voltage range. Since the DM surface has an initial residual deformation, the maximum deflection was calculated by subtracting the residual surface from the measured surface at each voltage. In Figure 7 , the measured surface deflection is compared to the FEM and analytical models. The experimental data were collected by tying the inner seven actuators to the control voltage, while all other electrodes were unterminated (floating). An unintentional consequence of this configuration is that the entire backside of the DM is eventually biased with the control voltage due to surface conduction between the floating electrodes and the biased electrodes. Thus, to model to the DM response we computed the deflection as if all 19 DM electrodes were tied to the control voltage. The resulting FEM simulation and analytical model are in close agreement with the experimental data, but this experiment will be repeated again in the future with proper termination of all control electrodes.
The experimental data show 1.7 µm of hysteresis. Although hysteresis can complicate the DM control system, this is less of a consequence for ocular AO where the majority of the aberrations are static. Once these aberrations have been cancelled, the DM undergoes only small movements and the effects of hysteresis are greatly reduced.
The response of the DM to a step voltage input was acquired using a commercial LDV. The velocity of the DM surface was recorded and the spectral components of the step response were analyzed. The frequency response contains three modes below 20 kHz as illustrated in Figure 8 . Since the lowest natural frequency is close to 1 kHz, it is clear that this DM can achieve the 100 Hz bandwidth required for ocular AO.
Figure 8: DM frequency response measured with the LDV
Theoretical calculations show that a bimorph DM of this size should be capable of even higher speed actuation, allowing the device to be used for high bandwidth AO applications. The simple theoretical model from equation (4) predicts that the first natural frequency of a simply supported, 26 mm disk is 1.9 kHz. The FEM model for dynamic simulation is a 50 mm laminated disk which represents the bonded area and has a simple support at the 26 mm diameter corresponding to the o-ring location. The FEM model also exhibits higher natural frequencies as illustrated in Figure 9 : 1470.7 Hz, 2584.5 Hz and 2720.0 Hz because the simplified model doesn't account for exact boundary conditions, or account for mass-loading effects from the solder and control wires. However, since our final DM will not include material outside of the o-ring support, the FEM and analytical models are accurate representations of the potential characteristics of the bimorph DM design. 
CONCLUSIONS
A prototype DM was fabricated and characterized. The initial deformation due to CTE mismatch between the bonded layers was minimized by using materials with similar CTE and by bonding at low temperature (< 100°C). The first prototype is capable of a parabolic deformation of ±5 µm with a control voltage of ±100V, and has a lowest natural frequency of 980 Hz. The major limitation of the prototype DM is poor surface flatness. This will be corrected in a future device by surface polishing. In addition, we plan to explore the use of thinner laminates to increase the maximum deformation to the ±10 µm amplitude required for ocular AO.
